ABSTRACT Wang et al. proposed cross layer resource allocation according to the channel state information of the physical layer and the video rate distortion of the application layer for uplink orthogonal frequency division multiple access (OFDMA) video transmission systems. Its object function is minimizing sum of all users' video distortion. It shows significant improvement in average peak-signal-to-noise-ratio (PSNR) over the schemes which consider either the physical layer or application layer. However, minimizing sum of all users' video distortion does not necessarily maximize average of all users' PSNR. In this paper, we change the objective function for optimization to maximize average PSNR, and derive new optimal condition for cross layer subcarrier assignment for infinitesimal bandwidth increment. Furthermore, we extend to a multi-user multiple-input and multiple-output (MU-MIMO) uplink transmission system to improve information rate and thus video quality. We then propose an average PSNR optimized physical/application cross-layer user grouping and resource allocation for uplink MU-MIMO OFDMA video communications. The simulation results show that the proposed scheme has 4 dB PSNR gain over the previous Wang et al. cross-layer scheme and 5 dB PSNR gain over the previous physical layer only scheme for four users and SNR 12-18 dB.
I. INTRODUCTION
Orthogonal Frequency Division Multiple Access (OFDMA) is the transmission technology of many wireless communication systems including DVB-T2, WiMAX and LTE [1] - [6] due to its high spectrum efficiency, resistance to delay spread, and flexible resource allocation. The resource allocation according to user's service requirements is a crucial topic in OFDMA systems. Like [7] - [9] , it often considers the channel state information (CSI) in the physical layer for assigning the resources. With imperfect CSI, resource assignment is considered in [7] and [8] . In [9] , the resource allocation is to optimize the weighted sum of user coding gaps when weight factor denotes the importance level of users. In addition to using the physical layer, the resource allocation in [10] - [17] is based on the rate distortion (RD) information in the application layer. In [10] and [11] , different video RD functions provide a chance to improve total video quality. In [12] , bit rate allocation utilizes the competitive equilibrium. In [13] , a video is divided into video layers by scalable video coding and user fairness is considered in the resource allocation. In [14] , fairness and efficiency tradeoff is considered. In [15] and [16] , fairness and efficiency are considered for resource allocation crossing the medium access control (MAC) layer and application layer. In [17] , un-coded multi-user video transmissions result in closedform video distortion, and comparison is made among different optimization objective: minimization of total distortion, maximum distortion, or summation of square root distortion. To be better than using either the physical or application layer, [18] gives a physical/application cross layer resource allocation which combines RD information (application layer) and CSI (physical layer) to minimize the sum of the users' video distortion (mean square error, MSE) for uplink OFDMA video communication systems. Reference [19] extends [18] to include Hybrid Automatic Repeat reQuest (HARQ) and turbo code and improve video quality at the cost of extra delay. Reference [20] extends further for anti-jamming scenarios. However, [18] - [20] have only one user on each subcarrier and do not consider Multi-User Multiple-Input and Multiple-Output (MU-MIMO) for substantial information rate increase and thus video quality improvement. Furthermore, they minimize the sum video distortion and do not directly maximize the average Peak-Signal-to-Noise-Ratio (PSNR), the video quality.
MU-MIMO allows a base station (BS) and multiple singleantenna users to communicate with each other using the same time slot-subcarrier resource [6] , [21] . The resource allocation in transmission rate, subcarrier, transmitter power, user selection etc. improves the system performance such as the sum rate [22] - [29] . The downlink case is considered in [22] - [26] . References [23] and [24] consider allocating subcarriers, rate, and power to the different users in MU-MIMO downlink OFDMA systems. Reference [25] proposes a cluster-based resource allocation in multi-cell scenario of MU-MIMO downlink OFDMA systems. In [26] , a resource allocation considering different user's frame size is proposed for downlink MU-MIMO OFDMA systems. Reference [22] is an overview about the resource allocation for downlink MU-MIMO systems. The uplink case is considered in [27] - [29] . Reference [27] proposes the resource allocation algorithm involving user selection, BS selection, and resource block selection for uplink multi-cell MU-MIMO systems. Reference [28] proposes the resource allocation maximizing the energy efficiency, which is more important in the uplink. In [29] , the ZF-SVD physical layer resource allocation assumes that the zero-forcing (ZF) post-processing using all users' CSI is at the BS and singular value decomposition (SVD) pre-processing using local CSI is at the MS. The resource allocation of the above references, however, do not cross the application layer. In other words, they don't consider each user's video content's different RD information.
In this paper, we propose a novel resource allocation algorithm crossing the physical and the application layers for uplink MU-MIMO OFDMA video systems. This resource allocation algorithm maximize the video quality, average PSNR, and considers user grouping, subcarrier assignment, rate allocation, and transmitter power assignment. The novelty and contribution of this paper are: 1) Average PSNR is the measure for video quality but [18] - [20] minimize the sum of the users' video distortion (mean square error, MSE) and not maximize the average PSNR directly. We change the optimization objective function to maximize average PSNR (equivalent to minimize the product of the users' MSE) and derive a new optimal condition for infinitesimal bandwidth increment. In the numerical results, this change contributes 2dB gain in PSNR (Scheme B over Scheme A in Figs 3-5) 2) We add MU-MIMO to improve PSNR further and consider extra user grouping problem in the cross layer resource allocation. For initial subcarrier assignment/user grouping, we propose to select the user group with smallest sum of the noise enhancement factors after zero-forcing MU-MIMO detector (defined in (2) and (13)) among all possible user pairs on each subcarrier. For subcarrier reassignment, user grouping cases are considered on each candidate subcarrier, the products of the users' MSEs which includes the noise enhancement factor are computed. After subcarrier reassignment, different user group occupies this subcarrier. For comparison, [18] - [20] are not MU-MIMO systems, so they don't consider user grouping problem. In the numerical results, this change contributes further 2dB gain in PSNR (Scheme C over Scheme B in Figs. 3-5 ). 3) Motivated by the new optimal condition in 1), we propose a new iterative physical/application cross layer subcarrier assignment/user grouping scheme. We give priority of gaining a subcarrier to the user who has the largest absolute value of RD curve slope divided by its MSE. If a subcarrier reassignment provides smaller product of the users' MSE, we perform the subcarrier reassignment. For comparison, [18] - [20] give the user with largest absolute value of RD curve slope (not divided by MSE) priority to gain subcarriers and the subcarrier reassignment is evaluated by smaller sum (not product) of the users' MSE.
The rest of this paper is organized as follows: Sec. II introduces the system model. We give a new optimal condition maximizing average PSNR for infinitesimal bandwidth increment in Sec. III. We then propose an iterative cross layer resource allocation for MU-MIMO OFDMA video transmission systems in Sec. IV. The numerical results are shown in Sec. V. The conclusion is given in Sec. VI
II. SYSTEM MODEL A. OFDMA SYSTEM MODEL
We show the block diagram of the uplink OFDMA system in Fig. 1 . The system model is similar to that in [18] except for two blocks in gray. One block is MU-MIMO resource allocation. The other one is FFT, zero forcing MU-MIMO detector, and P/S. The uplink OFDMA video communication system has K users and the user index k = {1, 2, . . . K }. The bandwidth W is equally split into M subcarriers, so the bandwidth of one subcarrier is dw = W /M . The subcarrier index is m = {1, 2, . . . M }. The same as [18] , we assume the system operates in a slotted manner. The resource allocation is conducted once for each slot. subcarrier m can be written as The noise enhancement factor vector for user k and user l is defined as
B. ZERO FORCING MU-MIMO DETECTOR
The model of the video MSE distortion is similar to that in [18] except for the equivalent channel response H k,m 2 due to two receive antennas and additional parameter z k,m due to ZF MU-MIMO detector. The information rate for user k, subcarrier m (in bits/sec) is
where dw is the bandwidth of one subcarrier defined in Sec. IIA, P k,m is the allocated power for user k on VOLUME 6, 2018
is the equivalent channel response for user k on subcarrier m. η = [18] , SER t is the target symbol error rate. The noise power after ZF MU-MIMO detector is the noise power P N multiplied by z k,m . R max denotes the maximum modulation size. Define MSE k as the user k's rate distortion function, and it is given by [31] .
where a k , ω k and υ k depend on the video content. The encoder generates B k bits:
A fixed rate u channel code is added to protect the data.
The time slot length is T s (sec). T 0 is the duration of an OFDM symbol. If we combine (5) and (4), the MSE distortion for user k is
where
. When the video is in slow motion and picture is spatially uniform, b k is relatively small and the RD function is relatively flat. On the contrary, when the video has less time and spatial redundancy, b k is relatively large and the RD function is relatively steep. The physical/application cross layer resource allocation algorithm exploits the application layer diversity where different users have different RD tradeoff.
D. AVERAGE PSNR OPTIMIZATION
In the uplink OFDMA video communication system, we want to maximize the average PSNR. The PSNR for user k is 10log 10 255 * 255 MSE k [18] . Thus the average PSNR is given by
To maximize the average PSNR is equal to minimize the product of all users' video distortion. In other words,
where P = is the power assignment matrix whose (k, m) entry P k,m is the allocated power for user k on subcarrier m. Each uplink user has the same power budget P over all subcarriers, and every subcarrier is shared by two users by MU-MIMO. Thus the average PSNR optimization in (8) has the following constraints:
where S m denotes the cardinality of the set S m . That is, at most two users occupy subcarrier m.
Note that C2 is not convex, the average PSNR optimization in (8) is NP-hard. We then propose a suboptimal algorithm. Before describing it in Sec. IV, we first study the optimization condition for the case of the infinitesimal bandwidth increment, as compared to that the bandwidth of a single subcarrier is the minimum bandwidth increment in the OFDMA system. We gain insights from the optimal condition and the proposed algorithm in Sec. IV is thus motivated.
III. AVERAGE PSNR MAXIMIZED OPTIMAL CONDITION FOR INFINITESIMAL BANDWIDTH INCREMENT
Unlike in [18] , we consider to maximize the average (or sum) PSNR directly, and not to minimize the sum distortion.
We consider that the frequency channel response is continuous (and thus the infinitesimal bandwidth increment) and there are only two users. User i is assigned the frequency band B i , and has the channel response H i (f ). The optimization problem is given by
We define the following which will be used in Theorem I. 
is the optimal water-filling level for user i = 1, 2 e) θ ∈ B opt 2 is an infinitesimal band for user 2, H θ i is the channel response in band θ for user i = 1, 2, 
Proof: Please see Appendix A.
The numerator and denominator of (10), as shown at the top of this page, is the product of (11) and (12), for i = 1, 2, respectively. (11) is the absolute value of the RD curve slope (
(r i+ c i ) 2 ) divided by MSE i in layer 5 and functions as a weighting, and (12) is layer 1 information. The insight from (11) is that the user with the steepest RD function slope divided by MSE i has priority to gain subcarriers. From (12) , as |θ | becomes infinitesimal, (12) is the marginal rate change when a user gains band θ from another user. The first part of (12) is the layer 1 rate variation due to the assignment of θ. The second part of (12) is layer 1 rate variation due to the water-filling level variation and the noise enhancement factor z i for user i.
From the above analysis, the insights are summarized as follows:
• From (11), the candidate to gain subcarriers is the user with the largest APP i , which is
(r i+ c i ) 2 , absolute value of RD function slope, divided by MSE i (largest weighting). For comparison, the weighting is
• (12) is the marginal rate change when a user gains band θ from another user. The effect of MU-MIMO is shown in (12) in terms of the noise enhancement factor z i .
• The physical/application cross layer resource assignment scheme should allocate the frequency band θ to the user with maximum product of (11) (layer 5) and (12) (layer 1).
So far, the bandwidth increment was infinitesimal. However, whereas in the OFDMA systems, the increment is one subcarrier's bandwidth. Thus, the physical layer metric in (12) is no longer valid. We then design an iterative resource allocation algorithm in the following section. Motivated by the optimal condition in (10), the user with largest
MSE i (r i+ c i ) 2 has the priority to win over subcarriers from another user.
IV. PROPOSED MU-MIMO OFDMA CROSS LAYER RESOURCE ALLOCATION ALGORITHM
We define the following which will be used in the proposed algorithm:
Definition II: a) Let A 
In [18] , every subcarrier is assigned to the user with the best channel response and there is no user grouping due to no MU-MIMO.
Step (2) Water Filling and Application Layer Weighting Calculation: The water filling is used for power allocation. The difference of the power water filling allocation between [18] and proposed method has the noise enhancement factor z k,m due to ZF MU-MIMO receiver and the equiv- , due to two receive antenna at the BS. The power allocation of user k is given by
where m∈A
Note that P k,m may be zero even if subcarrier m is assigned to user k. This can happen when SNR is low and/or there are too many subcarriers for user k such that power waterfilling cannot pass the threshold
(similar to 1/SNR). In this case, subcarrier m has only one VOLUME 6, 2018
user and is not in MU-MIMO mode anymore. Assume r * k is the optimal information rate of user k, and expressed as
The application layer weighting for user k is given in (11) (17) for minimum sum of MSE distortion in [18] .
Step ( m on subcarrier m, the noise power enhancement factor after zero-forcing MU-MIMO detector also changes. For comparison, [18] does not considers MU-MIMO, only one new MSE is computed, and the noise power does not change after subcarrier reassignment.
We find subcarrier m * whose product of users' MSE decreases most due to subcarrier reassignment, 
m * ,k * ,m * < 0, the overall video quality (product of MSE of all users) will not improve if user k * gain any subcarrier, so we update = \k * . In other words, user k * will not have a chance to gain a subcarrier.
Then, i = i + 1, and return to step (2) to update k * . For example, the subcarrier 8 has been assigned to the user 1 and the user 3, the user 4 with the largest APP i in (11) . We first calculate MSE product 1,3,8 of all users. There are two cases: assign the subcarrier to the user 1 and the user 4 or assign the subcarrier to user 4 and user 3. We calculate both MSE products 1 Although we assume two antennas at the BS above, the proposed cross-layer resource allocation algorithm is easily extended to arbitrary number of antennas, q, at the BS. Specifically, in step (1), C K q grouping cases are considered on each subcarrier, instead of C K 2 = K(K − 1)/2 cases are considered for two antennas at the BS. In step (3), subcarrier reassignment would consider q cases instead of two cases.
V. NUMERICAL RESULT
The uplink OFDMA system has two receive antenna and 16 subcarriers, each of this subcarrier with dw = 50kHz bandwidth, and the adaptive modulation alphabet of M-QAM, M = 4, . . . , 256. The other parameters are given in Table 1 . These parameters are the same as [18] .
The distance is assumed uniformly distributed between 20m and 60m. For cross layer resource allocation, it is highly unlikely for the nearest user to monopolize the subcarriers because of step (3) in Sec. IV, which considers RD information in the application layer. Assume the nearest user, say user i, has most subcarriers in step (1), where only physical layer CSI information is used. Its APPi in (11) will be very small (note that (r i +c i ) 2 is very large if r i is large). Almost all the other users are eligible to take away user i's subcarriers VOLUME 6, 2018 because we give the user j with largest APPj priority to take away other users' subcarrier and increased average PSNR. Thus user i would lose many subcarriers in step (3).
For comparison purpose (Schemes A and B defined below), the same as [18] , we assume that one GOP is transmitted in one time slot where the channel is constant, but independent from slot to slot. The cross layer resource allocation is conducted once per GOP/slot. The GOP length can be shorter, so the slot duration can be shorter too. The simulation result is the average of five hundred times for each user. Average SNR is defined similar to that [18] as follows. First,
is the equivalent channel response for user k on subcarrier m. Then each user's SNR is obtained by averaging over the subcarriers each user allocated. Finally average SNR is obtained by averaging over each user' SNR. We adjust the noise power spectral density according to five hundred runs (transmitted power and channel vary five hundred times) such that average SNR is the set value (e.g. 15dB).
The video MSE distortion model in (4) and (6) is the same as that of [18] , which adopts the empirical model in [31] for simplicity and accuracy. The video encoder rates are 80, 100, 120, 140, 160, 180, 200, 220, 240, 280, 300, 340, 380, 420, 460, 500 and 600 kbps. The operational points are used to fit the RD function by nonlinear regression. The multiuser diversity in the application layer is created by assigning random starting points of the same video to different users. Instead of (6) , which incorporates channel code rate, time slot length and OFDM symbol duration. We use the same sequence of CIF video as [18] . It is a travel documentary with both low and high motion of GOPs. The value range of the parameters is as follows:
6 , c k = −0.8 × 10 3 ∼ −9.5 × 10 3 . These parameters are specific for a given video sequence and video codec. For high-complexity video like fast motion one, b k is relative large [18] . These parameters can't be derived from common signal statistics like variance, correlation etc. because it is an empirical model [31] .
We consider the following schemes: Scheme PHY: ZF-SVD MU-MIMO detector scheme in [29] . Its resource allocation considers physical layer only.
Scheme A: the non-MU-MIMO scheme in [18] whose optimization objective is minimization of sum of users' video MSE distortion.
Scheme B: the non-MU-MIMO scheme in [18] but optimization objective function is proposed maximization of average of users' PSNR.
Scheme C: proposed MU-MIMO scheme. The optimization objective function is proposed maximization of average of users' PSNR.
In all schemes (non-MU-MIMO and MU-MIMO), we assume each user has the same power constraint 0.1(W), so the total power constraint of all users is also the same. Note that each user in Scheme C has more assigned subcarriers due to MU-MIMO, so its power is splitting more thinly into more subcarriers.
The simulation results for SNR = 15dB and 18dB are shown in Fig. 3 and Fig. 4 , respectively. The average PSNR of Scheme B outperforms that of Scheme A by about 2dB in 4, 8, 12-use cases. It clearly shows the PSNR gain if we directly optimize the average PSNR instead of the sum 50566 VOLUME 6, 2018 of users' video MSE distortion, the novelty and contribution 1) of this paper in Introduction section. The average PSNR of Scheme C outperforms that of Scheme B by about 2dB in 4, 8, 12-users. The MU-MIMO give additional PSNR gain because two users shares the same resource, the novelty and contribution 2) of this paper in Introduction section. We also note that when the number of users increase, the average number of subcarriers each user can get decreases, information rate decreases, MSE increases, and thus the average SNR decreases. Compared to the scheme in [18] (Scheme A), the proposed scheme (Scheme C) has about 4dB gain in average PSNR. Scheme PHY (physical layer only resource allocation) has worse PSNR than other cross layer resource VOLUME 6, 2018 allocation schemes (Scheme A,B,C) especially when there are more users because the physical/application cross layer resource allocation algorithm exploits the application layer diversity where different users have different RD tradeoff but the physical layer only resource allocation cannot.
In Fig. 5 , the video quality for various SNR is shown. The proposed MU-MIMO OFDMA cross layer resource allocation (Scheme C) offer 1.9, 2.2, 2.5dB PSNR gain over non-MU-MIMO scheme (Scheme B) for the SNR = 12, 15, 18dB, respectively. The PSNR gain of MU-MIMO increases as SNR increases because it is more likely that all subcarriers are in MU-MIMO modes. As stated in step (2) of Sec. IV, the assigned power P k,m is less likely to be zero (MU-MIMO mode degenerates to non-MU-MIMO mode on subcarrier m) because power waterfilling can more easily pass the threshold
(similar to 1/SNR).
In Figs. 6 and 7, we add comparison of visual results, in terms of received images (of H.264/AVC video(s)), between Schemes C, B, A and PHY. We observe that, from the top to the bottom, the clarity and color saturation decrease. This confirms the PSNR results: Scheme C > Scheme B > Scheme A > Scheme PHY.
The complexity analysis of Schemes C, B, A, PHY is as follows. The proposed algorithm (Scheme C) has the following complexity. In step (1), every possible user pair is checked on each subcarrier, and thus the complexity is O(M * K(K − 1)/2). At every iteration, the user k with the largest APP k tests all M subcarriers (two users in one subcarrier) for opportunity of the subcarrier reallocation, so the complexity is O(2M). Let L be the iteration times among steps (2) and (3). The total complexity is O(M * K(K − 1)/ 2 + 2M * L). The complexity of Scheme B and A is both O(M * K + M * L) because there is no MU-MIMO grouping like Scheme C. The complexity of Scheme PHY is O(M * K) because there is no cross layer iterative subcarrier reassignment.
VI. CONCLUSION
We propose average PSNR optimized resource allocation crossing physical and application layers for MU-MIMO uplink OFDMA video transmission systems. We derive the new optimal condition for the average PSNR optimized cross layer resource allocation because the previous scheme [18] optimizes the total video distortion and does not consider MU-MIMO. The simulation results show about 4dB gain in PSNR over cross layer scheme [18] and 5dB gain in PSNR over physical layer only scheme [29] for 2-receiveantenna BS, 4 users, and SNR range 12-18 dB.
APPENDIX A PROOF OF THEOREM I
Unlike minimization of sum of MSE distortion in [18] , the optimization problem in this paper considers maximization of average PSNR, which is equivalent to minimization of product of MSE distortion. Additional difference is the noise enhancement factor z i due to ZF MU-MIMO receiver. 
Reorganizing (A.2), we get
Combining terms, we get (A.4), as shown at the top of the next page and, Reorganizing (A.4), we get (A.5), as shown at the top of the next page, Note that 1 + r 1 /(r 1 + c 1 ) ≈ 1, 1 − r 2 /(r 2 + c 2 ) ≈ 1, and r 1 r 2 (r 1 +c 1 ) 2 (r 2 +c 2 ) 2 ≈ 0, and we have
Reorganizing (A.6), and we have in the new band assignment. P 1,θ is the total power the 1st user will put over band θ after the reallocation. Before reallocation, the 1 st user' waterfilling level is And we reassign P 1,θ uniformly over band θ . the water level over band θ is increased by ϕ θ 1 = P 1,θ / |θ | and the water level over θ , W 1 , become
is the channel coefficient of the band θ , and f 0 is the band θ 's left limit.
We solve P 1,θ in (A.10) and obtain For more than two users, we deduce that, for a band θ to be reallocated from user i to user j, the below relation must be met for any user i = j, (A.21), as shown at the top of the this page.
